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Laser-driven shock compression experiments reveal the presence of a phase transition in MgSiO; over

the pressure-temperature rang
volume change of ~6.3 (+
liquid transition in a silic

300-400 GPa and 10000-16 000 K, with a positive Clapeyron slope and a
2.0) percent. The observations are most re

il interpreted as an abrupt iquid-

e composition representative of temestrial planetary mantles, implying

potentially si for the th
In addition, the present results extend the

1 evolution of P interiors.

950 GPa.
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Crystallographic phase transformations in the mineral
phases constituting the terrestrial mantle have long been
recognized for their role in governing the structure and
geodynamic evolution of the Earth's interior [1-4). Here,
we present direct experimental evidence that simila
pressure-induced phase changes can occur in silicate
liquids (magmas) at the extreme conditions m..mmmm
of the interiors of several Earth-mass lar planets
(super-Earths) and the type of giant impact events inherent
to planetary formation (pressures of many hundred
GPa and temperatures exceeding 1V =~ 11000 K).
Experimental observations of such “first-order” liquid-
liquid transitions are so-far limited to a few cases, notably
that of phosphorous [5-7]. Because of the key role that
melts play in planetary evolution, pressure-induced liquid-
liquid phase separation in silicate magmas may represent a
previously unrecognized but important mechanism  for
global-scale chemical differentiation and may also influ-
ence the thermal transport and convective processes that
govem the formation of a mantle and core early in plane-
tary history.

xperiments were carried out at the Janus and OMEGA
laser facilities (Lawrence Livermore National Lab and
University of Rochester Laboratory for Laser Energetics).
A 1-2 s laser pulse of intensity ~10'* W /cm? was used to
generate optically reflecting, decaying shock waves in
MgSiO; glass and crystalline (enstatite) samples. As the
wave decays in time, a continuum of pressure-temperature
shock states can be documented in a single experiment.
sp.uully and temporally resolved (~ 10 um/pixel and
s, respectively) velocity interferometry [8,9] and op-
uml pyrometry [10,11] were used to characterize the evo-
lution of shock velocity (Us) and temperature (T) (Fig. 1).
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state of Mg i, single crystal and glass to

PACS numbers: 64702, 62.50.~p, 6430k, 91.45.Bg

Similarly, the optical reflectivity at 532 nm (R) was ob-
tained from the interferometry data by comparison with an
unshocked Al reference. Because conservation of mass,
momentum, and energy are obeyed at the shock front,
pressure (P) and specific volume (V) can be determined
from the shock velocity using the Rankine-Hugoniot equa-
tions [12]. We thus derive the pressure-density equation of
state (EOS) and corresponding temperature and specific
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FIG. 1 (color). An example of data from a single experiment
performed with crystalline starting material shows simultancous
reversals in shock velocity and temperature as a function of time
as the Hugoniot crosses the phase transition (visible between 2
and 4 ns, as indicated by arrows and the dashed line). Inset
arrows indicate the transition i the raw data images, from which
the profiles in the main figure are extracted.
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Shock vaporization of silica and the thermodynamics of planetary

impact events
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[1] The most energetic planetary collisions attain shock pressures that result

in abundant melting and vaporization. Accurate predictions of the extent of melting
and vaporization require knowledge of vast regions of the phase diagrams of the
constituent materials. To reach the liquid-vapor phase boundary of silica, we conducted

uniaxial shock-and-release experiments, where quartz was

hocked to a state sufficient

1 niate vaporization pon s decompresion (hundees of GPe). Thespparent

ndthe bulk dens
the observed pos
of a material

window. To interpret

shock temperatures, we developed a model for the apparent temperature

through the li

id-vapor coexistence region.

Using published thermodynamic data, we revised the liquid-vapor boundary for

silica and calculated the entropy on the quart

Hugoniot. The silica post-shock temperature

measurements, up to entropies beyond the critical point, are in excellent qualitative
agreement with the predictions from the decompressing two-phase mixture model.
Shock-and-release experiments provide an accurate measurement of the temperature

on the phase boundary for entropies below the critical point, with increasing uncertainties
near and above the critical point entropy. Our new criteria for shock-induced vaporization
oFquatzare much lower tan previousexinates,pimarly hecatse of e reviseenrugy

on the Hugoniot. As the thermodynamics of other

ted to be similar to

cates
s, vaporizaon is & sigrifioane process during high-velociy planctary collisions

itation: Kraus, R. G, etal. (2012), Shock vaporization of silica and the themmodyramics of planctary impact events,

J. Geophys. Res., 117, E09009, doi: 10.1029/201 2JE004082.

1. Introduction

[w] During the end stage of planet formation, the nebular
sperses and mutual encounter velocities increase via
avitatou wirriog from the gt bodice simu-
lations of this stage find typical collision velocities between
protoplanets of one to a few times the two-body escape
velocity [Agnor et al., 1999]. The kinetic energy of an
impact is partially transferred to internal energy in the col-
liding bodies via passage of a strong shock wave. At the
expected impact velocities of ~10 to a few tens of km's '
onto the growing planets, the internal energy increase is
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sufficient to melt and vaporize a large fraction of the col-
Iiding bodies. However, the predicted degm of melting and
vaporization fora specific impact scenario has great uncer-

that pnmarlly arises from poorly-constrained equa-
fons of stle (EOS!

[3] Accurate eq'ua:lons of state over a tremendous region
of phase space are required to make predictions about the
impact processes so prevalent during the formation of the
solar system and its subsequent evolution. The last giant
impact is invoked to explain the diverse characteristics of
rocky and icy planets in the Solar System [e.g., Stewart and
Leinhardt, 2012}, including the large core of Mercury [Benz
et al., 1988, 2007), fommation of Earth’s moon [Canup
and dsphag, 2001, Phto's moons [Canyp, 2005), and

umea’s moons and family members [Leinhardt et al.,
2010]. In each case, the argument for a giant impact relies
n the details of the equations of state.

[4] Although equation of state theory is advancing rapidly,
the generation of accurate and complete equations of state
from first principles is still not feasible for most geologic
mterss. Planctry colisions re particaarly challengiog

of the need to understand both the extreme tem-
peratres and high compression raos achieved . the

E09009 lof22

(Fig 3A). Pt deposition resulted in three distnct
levels of contrast that reflect the surfice height,
with the lowest level being the original Au ter-
races (Fig. 3B). The same three-level structure
was observed independently of depositon time
wp to 500 s (Fig. 3C). The middle contrast evel
componds o 8 igh desiy of Pt sl gt
overed ~85% of the Au surface, with a step
Feight of 024 nm, cansistentwith XPS resuls
Inspection with a higher rendering contrast re-
vesled a ~10% coverage of a sccond layer of
small Pt islands with a siep height ranging
between 0.23 and 026 nm (Fig. 3D). Step po-
sitions associated with the flame-mnealed sub-
strate were preserved, with negligible expansion
o overgrowth of the 2D Pt idands occurring
beyond the original step edge. The latral span
of the Pt ishands was 202 + 038 nm, come-
sponding to an area of 423 + 197 nm’. Incip-
ent colescence of the islands was constrained
by sumounding (dark) ramow chamls, 2.1 +
0225 nm wide, that account for the remaining
Pfree portion of the first layer. The reentrant
chamnels comespond o open Au temace sites
that were surounded by adjacent Pt iskands in
what amouted to a huge increase in step den-
sty reative to the original substrate, the net ge-
ometric or electronic effect of which was to
block futher Pt depasition. The chemical mature
of the inter-iskand region was assayed by ex-
ploiting the distinctive voltammetry of Pt and
Au vith respect 1o gy and oxide formation
and reduction (fig. 52 and supplementary text)
Similar threc-level Pt overlayers have been
observed for monolayer films produced by mo-
lecular beam epitaxy (MBE) deposition at 0.05
‘monolayers/min (20). Pt-Au infermixing driven by
the decrease in surface energy that accompanies
Au surfice segregation was evident.In the present
‘work, Pt mondlayer fommation was effectively com-
plete within 1 5, giving a growth rte three orders
of magnitude geter than in the MBE-STM study.
Exchange of the deposited Pt with the underly-
ing Au substrate was expected © be s developed.
However, intemmixing and possible chemical con-

original faulted geometry of the partially recon-
stucted Au surface. Upon liting of the recon-
struction, the excess Au atoms expelled mark the
original fult location as linear 1D surfice defects
in he Ptoverkyer (Fig. 36). A simplifid schematic
of the self-terminating Pt deposition process in Fig
3F descrbes how the Hop accompanying incre-
mental expansion of the 2D Pt skands.

second bl

osition occurs. Sequential pulsing between +0.4
Vasc and ~08 Viscr enabled Pt monolayer
ositon to be conolld in a digital manner EQCM
was used fo track the mass gain, showing two
et incrmens percyele (Fig 4A). We atrlued
the mass gain 10 a combinsto posi
1456 ngle’ for & monoler of PUI 1)), wion
adsorption and desorpti
104 QT ionen?
coverage of PICLY) (7, 21), and coupling to other
double-layer components such as water. The an-
fonic mass increments were expected to be asym-
metric for the first cycle on the Au surface, but
once it was coverd, subscquent cycles only in-
volved Pt surface chemisty. Aflr comecting for
the electroactive surfice area of the Au elecirode
(Arei Ao = 1.2, derived from reductive de-
Sorption of Au oxide in perchloric acid), the net
mass gain for each cycle indicates that a near-
udomorphic layer of Pt was deposited. XPS
byt of P fims o s v depotion -
cles gave remarkably good agreement with EQCM.
dta (Fig. 4B). The abiity to rapidly menipulate
potential and double-layer stucture, as opposed
to the exchange of reacants, offers simpliciy, sb-
mnnally lmrwwxi process fficeny,and o
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Phase Transformations and
Metallization of Magnesium Oxide at
High Pressure and Temperature

R. Stey

Magnesium oxide (MgO)

Liar ms, 2+t Dylan K. Svauldm;, 't Jon H. ngen Peter M. Cellier
Damien 6. Hicks" Raymond P, Smith,* Glbert W, Collis* Raymond Jeanlez™

rrestrial

planets, such that ts properties at high temperatures and pressures reflect the nature of planetary
interiors. Shock-compression experiments on MgO to pressures of 1.4 terapascals (TPa) reveal a

by pcmn‘balkm of the overlying water structure
(7). This n a much hig

sequence of two ph from B1 (sodium chloride) to B2 (cesium chloride) crystal

structures above 0.36 TPa, and from electrically insui
he large latent heats that are likely to affect the structure and evolution of

Prisind coveage thn b ben obtainad by aber
methods, such as galvanic exchange reactions.
Because the sturated Ho coverage is the

yer
by sweeping or sepping the potental to posiive.
values, eg, >+0.2 Vs, where regigible Pt dep-

lating solid to metallc iquid above 0.60 TPa.

super-Earths. Together with data on other oxide liquids, we conclude that magmas deep inside
temestrial planets can be electrically conductive, enabling magnetic field—producing dynamo action
Within oxide-rich regions and blurring the distinction between planetary mantles and cores.

agnesium oxide (MgO) is among the
simplest oxides constituting the rocky
manils of terestial planets such as

Eath and the cores of Jupiter and oher giant plancts.
in Earth's mantl as an end-member com-

‘ponent of the mineral (Mg.Fe)O magnesiowiitite,
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Jupiter/Titan

High-energy ps Titan is used for HED plasma experiments:
Technique development and implementation (XRTS); Fl (particle transport);
WDM (x-ray, VISAR, and particle diagnostics), relativistic plasmas

(transport,

LPI)
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Hot Electron Temperature and Coupling Efficiency Scaling with Prepulse
for Cone-Guided Fast Ignition
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‘The effect of increasing prepulse energy levels on the ene:

electrons is evaluated in a cone-guided f;
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y spectrum and coupling into forward-going
n relevant geometry using cone-wire trgets irmadiated

with a high intensity (10 W/cm) laser pulse. Hot electron temperature and flux are inferred from Kac

images and yields using hybrid particle-in-cell
electrons was required to fit the full profile, with th

simulations. A two-temperature distribution of hot
e ratio of energy in a higher energy (MeV) component

increasing with a larger prepulse. As prepulse energies were increased from 8 mJ to 1 J, overall coupling
from laser to all hot electrons entering the wire was found to fall from 8.4% to 25% while coupling into

cnly the 1-3 MeV electrons dropped from 0.57%

DOL: 10.1103/PhysRevLett 108.115004

Fast Ignition (FI) [12] is an approach to inertial con-
finement fusion (ICF), in which a precompressed
deuterium-tritium fuel is rapidly driven to ignition by an
external heat source. This scheme can ignite lower density
fuel leading, in principle, to higher gains than possible with
conventional ignition. In the reentrant cone approach to FI,
ahollow cone is embedded in the fuel capsule to provide an

open evacuated path free of coronal plasma for an intense

laser beam to generate a flux of energetic electrons at the

tip of the cone which can then propagate to the compressed

fuel core. However, the presence of preformed plasma in

the cone, arising from the inherent laser prepulse which
I

energy-spectral, and angular charactes
generated hot electrons and thus the efficiency with which
their energy can be coupled to the core.

Previous works by Baton er al. [3] and Van Woerkom
et al. [4] showed that significant prepulse could have a
detrimental effect on coupling beyond the cone tip.
MacPhee et al. [5] demonstrated that even a small prepulse
could resultin significant filamentation of the laser beam in
the preplasma, limiting the penetration of the laser, and
accelerating energetic electrons transversely. These results
were achieved using either imaging of Ko x-ray emission
from the cone target itself or measuring the intensity of the
Ka spot in a region beyond the cone tip. However, while
these techniques provided a spatial distribution of Ka in
various areas of the interaction, no spectral information
regarding the electron flux could be inferred. Comparisons
of preplasma versus no preplasma conditions by Baton
et al. were achieved by doubling the fundamental laser
frequency to create a high contrast. This provided a clean
interaction surface for the main laser, but complicated the

0031-9007/12/108(11)/115004(5) 115004-1

1 0.03%

PACS numbers: 52.50Jm, 5238Kd, S238ME, 527012

comparison, as the absorption mechanisms would be dif-
ferent for the very different /A°. In the MacPhee er al.
study, electrons were electrostatically confined within the
isolated cone target. The significant amount of recircula-
tion of the hot electrons within the cone walls and plasma
allows only limited conclusion of the electron source at the
cone tip in either the experiment or simulations.

In this Letter, we present the first quantitative scaling of
coupling as a function of prepulse in an intense laser-cone
interaction. Through the use of cone-wire targets [6], we

the existence of a tw hot elec-
tron distribution within the target and characterize its flux
and energy spectrum entering a 40 um diameter wire at
the cone tip, and correlate these quantities with the amount
of preformed plasma in the cone.

The experiment was performed on the Titan laser at
LLNL, of Ay = 1.054 um wavelength, 150 = 10J, fo-
cused to an 8 um full width at half maximum (FWHM)
focal spot in a 0.7 + 0.2 ps pulse length. The intrinsic
prepulse of the laser was measured at 8 =3 mJ in a
1.7 ns duration pulse prior to the main beam. Varying
prepulse levels, up to 1 J, were produced by injecting an
auxiliary nanosecond-duration laser colinear with the main
short pulse laser. This auxiliary laser had a similar focal
spot distribution as the main beam and was timed to over-
Iap the intrinsic prepulse.

‘The target, shown in Fig. 1, was a 1 mm long Au hollow
cone with 30° full opening angle, 20 zm wall thickness,
30 um internal tip diameter, and 11 um tip thickness. A
1.5 mm long, 40 sm diameter Cu wire was glued o the
outer cone tip. The wire diameter is chosen to match the
nominal 40 m optimum ignition hot spot diameter ina FI
target 7], and its quasi 1D geometry allows for single shot

© 2012 American Physical Society
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The effect of target material on fast-electron transport is investigated using a high-intensity (0.7 ps,
10 W/cm?) laser pulse lid Al targets (Au, Mo, Al)
and tracer (Cu) layers, backed with millmeter-thick carbon foils to minimize refluxing. We consistently
observed a more collimated electron beam (36% average reduction in fast-electron induced Cu Ka spot
size) using a high- or mid-Z (Au or Mo) layer compared to AL All targets showed a similar electron flux
level in the central spot of the beam. Two-dimensional collisional particle-in-cell simulations showed
formation of strong self-generated resistive magnetic fields in trgets with a high-Z transport layer that

L gence; ided the fast electrons
0 a smaller spot d i iaents. These i o electron transport
can be controlled by self-generated resistive magnetic felds and may have important implications to fast

ignition.
DOL: 10.1103/PhysRevLett 110025001 PACS numbers: 5238.Dx, 52.38Hb, 52.50Jm, 5265 Re

Cone-guided fast-ignition (FI) inertial confinement fu-  forward energy coupling, but it is consistent with the
sion requires efficient energy transport of high-intensity  analytical model and 2D Fokker-Planck modeling showing

shot-pulse-laser-produced relativistic (o “fast”) elec-
trons through a solid cone tip to a high-density fuel core
[1]. Specifically, successful ignition with a reasonably
sized ignition laser requires high-conversion efficiency to
1-3 MeV electrons that have a minimum divergence [2,3].
Previous simulations show that fast-electron beam propa-
ganm\ in solid density plasmas are affected by a variety of
nisms: scattering, resistive collimation [2,4], resis-
e flamentation (5], Obmic heating, and electric field
inhibition [6,7]. Evaluating the cone tip material, therefore,
requires an understanding of the evolution of self-
generated resistive fields and their cumulative effect on
electron transport over the duration of the laser pulse.
Previous material-dependent transport studies are limited:
they have studied transport through only one material [8,9],
simultaneously varied materials and fast-electron sources
[10.11], or used energies much lower than presented
here [11,12]

In this Letter, we report a systematic investigation of
fast-electron transport in different materials (from high-Z
Au'to low-Z Al) without changing the electron source. We
have demonstrated that a fast-electron beam can be colli-
mated with a thin (~ 10 xm), high- or mid-Z transport
layer buried a fe beneath a low-Z Al layer without
imposing a significant loss in forward-going electron en-
ergy flux. This is in contrast to previous 1D Fokker-Planck
‘modeling predictions [13] that suggest high-Z Au material
‘would increase divergence due to scattering and reduce the

0031-9007/13/110(2)/025001(5) 025001-1

stronger resistive collimation in high-Z plasmas by Bell
and Kingham [4]. In addition, the collimation did not rely
on complex structured targets [14] or a double laser pulse
configuration [15], as shown in recent experimental work.
Ka fluorescence diagnostics, similar to those used in ear-
lier work by Stephens et al. to measure fast-¢lectron beam
divergence [16], directly characterized fast-electron den-
sity distributions within the target. 2D collisional particle-
in-cell (PIC) simulation results are in excellent agreement
with experiments and show the formation, in high-Z trans-
port targets, of strong resistive magnetic channels envel-
oped by a global B field that collimate initially divergent
fast electrons. These magnetic channels extend into the
subsequent lower resistance layers, maintaining the guid-
ance of fast electrons.

‘The experiment used the Titan laser (1 um wavelength,
150 in 0.7 ps, 17 mJ average prepulse energy in 2.3 ns) at
the Jupiter Laser Facility, Lawrence Livermore National
Laboratory. An f/3 off-axis parabola focused the beam to
10 um (FWHM) spot with an incident angle of 17° onto
the target front surface at I J ?. Figure |
shows a schematic of the multilayered solid target, laser
beam, and x-ray diagnostics. Targets had a common Al
front layer (3 um thick), a Z-transport layer [Au (8 um),
Mo (14 um), or Al (33 um)], and a Cu tracer layer
(22 um) buried 110 um behind the Z-transport layer.
The common front Al layer for all targets was to provide
an identical fast-electron source for the transport study.

© 2013 American Physical Society
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Detailed angle md energy resolved measurements of positrons ejected from the back of a gold target

that
collimated rlaivitic ;n The laser-positron energy conver

pul are ejectedina
jon efficiency is 210 The jets have

~20 degree angular divergence and the energy distributions are quasimonoenergetic with energy of 4 to

20 MeVand ~1 MeV.

field on the surface of the targe is shown

The I

d energy is conrolled by varying the

henh Rl rough the e condton and et nomery

DO 10.1103/PhysRevLett 105.015003

Relativistic positrons and positron jets are believed to
exist in many astrophysical objects and are invoked to
explain energetic phenomena related to gamma ray bursts
andblack holes [1-4]. On Earth, positrons from rad
isotopes or accelerators are used extensively at low ener-
gies (sub-MeV) in areas related to surface science [5-8],
posiron emission tomography [9],basic animater cience
such as p 110,11}, B

condensed positronium [12], and basic plasma ph)<|c$
[13]. Experimental platforms capable of producing the
high-temperature positrons and high-flux positron jets
[14] required to simulate astrophysical positron conditions
have so far been absent. MeV temperature jets of positrons
and electrons produced in these experiments provide a first
step towards evaluating the physics models used to explain
some of the most energetic phenomena in the Universe.

PACS numbers: 5238Ph,

energy of the laser, both of which change the sheath field
and influence the jet energies.

he electron-positron pair creation experiments reported
here were performed using 1-10 picosecond laser pulses of
1.054 um wavelength from the Tian laser [22] at the
Lawrence Livermore National Laboratory and the
OMEGA EP laser [23] at the University of Rochester's
Laboratory for Laser Energetics. Laser energies from 100
10850 J were focused into 8 (on Titan) to 50 (on OMEGA
EP) micrometer diameter spots producing peak laser in-
tensities from 1 X 10" to 5 X 10 W/cm?. All targets
were | mm thick solid gold with diameters between 1
and 20 mm. The experimental configuration is shown in
Fig. 1. The positrons, electrons, and protons produced
during the laser-target interaction were measured simulta-
neously using three absolutely calibrated electron-posi

‘The pair producing in intense I

interactions have been studicd theoretically [15] and dem-
imentally in previous “proof-of-principle”

expcnmclm [16-15]. When intense lasers interact with
solid targets a large number of fast electrons (>MeV)
are created. These electrons create MeV bremsstrahlung
photons in the target that, in tun, produce electron-

sitron pairs through the Bethe-Heitler process
[15.19.20], unlike the direct laser pair production in vac-
uum which occurs via multiphoton absorption [21]. To date
the angular distribution of the positrons ejected from the
rear of the target and the source of the quasimonoenergetic
nature of the observed positron energy distribution has
been unknown. Here we present the first observations
that the positrons are ejected in a well-defined cone from
the back of the target, accelerated by several MeV due to
the sheath field on the rear of the target. We demonstrate
this by varying the transverse size of the target and the

0031-9007/10/105(1)/015003(4) 015003-1

tron-proton (EPPS) [24]. They were placed
~20 em from the target at various angles to measure the
energy spectrum of the electrons and positrons.

In the experiments, quasimonoenergetic, beamlike posi-
tron jets were observed. The positron energy spectra are
shown in Fig. 2 for six shots with different laser and target
conditions that controlled the positron peak energy. The
energy of the peak (Epy) of the positron distribution
varied from 3 to 19 MeV, with an energy spread from
57% to 15%, equivalent 0 Epey/Epwing = 1.8 10 69.
The shot conditions are summarized in Table I.

The peak energy shift and the beamlike nature of the
positron spectra arise due to sheath field effects from the
rear of the target. The sheath field is established by the
initial escaping electrons and the resulting electron cloud
that forms around the target. It has been confirmed by
proton or ion acceleration [25-27]. Since there are several
orders of magnitude more electrons than positrons, the

© 2010 The American Physical Society
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Jupiter/Callisto

allisto is the only operating high-intensity fs laser at LLNL. Was used for

Pl and early Fl work and has been used as a fast source for diagnostic

evelopment. Mainly it has been used for laser wakefield acceleration and
now for developing a betatron. Too be closed FY2013.
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from a Two-Stage Laser Wakefield Accelerator

Measurements of the Critical Power for Self-Injection of Electrons
in a Laser Wakefield Accelerator
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A laser wakefield acceleration study has been performed in the matched, self-guided, blowout regime pulse is guided and excites a wake over the entire 1.3 cm length of the gas cell at densities below Laser: leration of ele hold: for producing tages of GeV

1.5 X 10'* em ™. High-energy electrons are observed only when small (3%) amounts of CO, gas are
added to the He gas. Computer simulations confirm that it s the K-shell electrons of oxygen that are
ionized and injected into the wake and accelerated to beyond 1 GeV energy

producing 720 + 50 MeV quasimonoenergetic electrons with a divergence Afrwiay of 285 + 015 mrad
using a 101,60 fs 0.8 m laser. While maintaining a nearly constant plasma density (3 X 10 cm ), the
energy gain increased from 75 1o 720 MeV when the plasma length was increased from 3 to 8 mm.
Absolute charge measurements indicate that self-injection of electrons occurs when the kiser power P
exceeds 3 times the critical power P, for relativistic seli-focusing and saturates around 100 pC for
P[P, > 5. The resuits are compared with both analytical scalings and full 3D particle-in-cell simulations.

scale, high-quality electron beams for applications such as x-ray free electron lasers and high-energy
colliders. Ultrahigh intensity laser pulses can be self-guided by relativistic plasma waves (the wake) over
tens of vacuum diffraction lengths, to give 1 GeV energy in centimeter-scale low density plasmas using
onization-induced injection to inject charge into the wake even at low densities. By restricting electron
injection to a distinct short region, the injector stage, energetic electron beams (of the order of 100 MeV)
with a relatively large energy spread are generated. Some of these electrons are then further accelerated by

DOI: 10.1103/PhysRevLett.105.105003 PACS numbers: 52.38Kd, 41.75J%, 5235Mw
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Thirty years ago, Tajima and Dawson predicted that an
intense laser pulse can drive a plasma wake to produce
10-100 GeV/m electric fields which could accelerate
electrons [1]. More than a decade later, laser-accelerator
experiments used laser beat waves and the Raman forward
instability to drive large amplitude plasma waves that
generated electron beams with a continuous spectrum
reaching high energies [2-6]. It was not until the laser
technology advanced to having a sufficiently short pulse
duration, at powers above 10 TW, that ~100 MeV quasi-
monoenergetic electron beams accelerated by laser-
produced wakefields were realized [7-9)

The ponderomotive force of the rising edge of an ultra-

PACS numbers: 5238Kd, 4175y, 5235Mw

‘The dephasing length (and therefore the electron energy)
of a laser wakefield accelerator (LWFA) can be increased
by reducing the electron plasma density since Lgp[cm] =
/6= @3 [13]. However, for effective self-

guiding and self-injection. the laser power must be main-
tained well above the critical power P, for self-focusing
given by P, = 17w3/w3GW. where wy is the laser fre-
quency [13]. Simulations have suggested a power threshold
for self-injection at low electron densities (n, ~
10* cm3) to be around P/P, =4-8 [13,17], but this
has not been experimentally demonstrated. Previous ex-
periments in capillary discharge plasmas at low densities
for self. i

short (7 ~ 27/w,) pulse prop-
agating through an underdense plasma can cnmplacly
blow out the electrons forming a spherical ion huhhle
around the pulse of the laser [10,11]. Here, @, is
plasma frequency. Electrons along the sheath of mushuhm:
are pulled towards the laser axis and cross at the rear.
Electrons residing within the region of high-acceler
and focusing fields can be self-injected into the accelerat-
ing structure if they gain enough velocity to catch up with
the phase velocity of the wake driven by the laser. These
self-injected electrons are then accelerated until they either
outrun the slower moving accelerating potential of the
wake over a “dephasing length” Ly, or the laser intensity
is reduced so that no significant wake is excited. In order to
maintain the intensity of the laser pulse over man;
Rayleigh lengths Z, (typically Z, < Ly), the diffraction
of the laser field must be compensated by the refra
within the self-generated electron density channel of the
wake [12-16] or an external waveguide [7].

0031-9007/09/103(21)/215006(4) 215006-1

have
assisted self-trapping [19,20]. A smdy of the trapping
threshold at high densities (low electron beam energies)
was also performed in gas jets [5], but there have been no
measurements of this threshold at n, <5 X 10'% cm™
without an extenal guiding structure. At these low den-
sities, laser pulses from high-power Ti:sapphire lasers with
a typical pulse duration of about 50 fs are completely
contained within the ion bubble and the electrons are
accelerated to high energies.

In this Letter, we present the first GeV-class laser wake-
field accelerat where a sel
threshold is demonstrated for densities below 5 X
10'% cm™ in a gas jet without a guiding structure. For
these densities, the laser power and spot size are such that a
fully blown out self-guiding accelerating structure is ex-
cited over 8 mm of plasma and the laser pulse is contained
within this bubble. The charge in the electron beams
increases rapidly from 0.1 pC to a saturation level of
~100 pC when P/P is increased from 3 to 5.

© 2009 The American Physical Society

Recent advances in high-power laser technology have
led to major breakthroughs in the field of electron accel-
eration via the laser wakefield accelerator (LWFA) con-
cept [1]. Among these is the experimental realization of
the “bubble” or “blowout” regime [2-4], where an ultra-
short but relativistically intense laser pulse (7S A, and
a; = 2) propagating in an underdense plasma completely
blows out all the plasma electrons. Here 7 is the full width
at half-maximum laser pulse duration, a, = is the
normalized vector potential of the focused laser pulse,
and A, is the wavelength of the wakefield. These radially
expelled plasma electrons are attracted back towards the
laser axis by the space-charge force of the ions, forming a
nearly spherical sheath around an “ion bubble” [3]. The
electric field created by the resultant charge-density struc-
ture—the wakefield—has some distinct advantages: (i) an
extremely large, radially uniform accelerating field that
ropagates at the group velocity of the laser pulse (= c),
) a longitudinally uniform but radially linear focusing
field, and (i) the ability to self-guide the laser pulse until it
is depleted of its energy [3]. These characteristics provide
for the generation of a high-quality, high-energy electron
beam in a short distance, i.e., a “tabletop accelerator” [5].

Electrons injected into such an accelerator structure may
gain energy until they outrun the wakefield over a dephas-
ing length Lg[cm] = (P[TW]Y(10'* cm~3/n,)*? and
gain a maximum energy Wi, [GeV] = 0.36(P[TW])'4 X
(Lgplem]'/? [3]. Here, P is the peak laser power.
Therefore, ple possible to accelerate electrons
to beyond a GeV energy in a distance of ~1 cm using a
100 TW-class laser provided that the electron density n, is
less than ~1.5 X 10'% cm™3. The key issues for obtaining
Wiy are whether the wake can be maintained over L, and
whether electrons can be injected and trapped into the
wakefield at such a low density.

0031-9007/10/105(10)/105003(4)
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A number of recent experiments have addressed the
issues of self-guiding [6,7], electron injection into the wake
[8-12], and controlling the energy spread of the acceler-
ated electrons [13-16]. However, the relatively high den-
sities used in these experiments have limited their energy
gain to less than 1 GeV. It should be noted that the only
previous experiment to reporta | GeVelectron energy gain
ina LWFA used a preformed plasma channel to guide the
laser pulse [17]. However, using the self-guiding mecha-
nism offered by the bubble regime can simplify a practical
LWEA.

In this Letter, we show that the concepts of matched-
beam, self-guided propagation and_ionization-induced
injection can be combined, at densities less than
15X 10" cm™, to accelerate electrons to beyond
1 GeV in a LWFA. In order to produce the requisite long
and uniform volume of low-density gas (beyond the limits
of currently used gas jets [14,16]), a new target platform
was implemented: a 13-cm-long cell containing a gas
£ 97% He and 3% CO,. The spatial and spectral content of
the laser light exiting the plasma is measured and is con-
sistent with self-guiding over the entire length of the gas
cell (= 15 vacuum Rayleigh lengths) at a plasma densi
1.3 X 10" cm ™. Full, three-dimensional particle-in-cell
(PIC) computer simulations using the code OSIRIS [18]
show that it is indeed the K-shell oxygen electrons that
ed and injected into the wake supported predomi-
by the He electrons.

These experiments were performed at the Jupiter Laser
Facility, Lawrence Livermore National Laboratory, using
the 250 TW, 60 fsec Ti:sapphire Callisto laser system.
Figure | shows the experimental setup where the laser
beam was focused onto the front of the gas cell. The
vacuum spot size wo was measured at low powers to
be 15 um at the 1/¢* intensity point. The fractional
laser energy contained within the central laser spot was

al Society

a
energy spread to <5% FWHM.

DOL: 10.1103/PhysRevLett.107.045001

State-of-the-artconventional radio-frequency linear
accelerators currently produce electron beams with up to
50 GeV energies by staging many 100 MeV sections [1].
Future proposed x-ray free electron lasers (such as the
European XFEL) will produce 20 GeV electron beams
which, when passed through an undulator, will provide
extremely bright x-ray sources. Facilities of this scale
require substantial lengths (several kilometers) to achieve
high electron energies due to limits on the maximum
accelerating gradient imposed by cavity damage threshold
considerations (< 100 MeV/m). Altematively, laser
wakefield accelerators (LWFAs) can support gradients
exceeding 100 GeV/m [2,3], opening the possibility of
dramatically reducing the required length to produce
high-energy beams. Current laser technology limits the
length of these devices to a few centimeters and, therefore,
the energy gain to a few GeV. Coupling of multiple inde-
pendent high-energy gain LWFA stages could provide a
path forward for achieving future compact, high-energy
particle sources.

Recent experiments have demonstrated self-guiding [4]
of ultrashort laser pulses in the blowout regime of a LWFA,
where extremely nonlinear wakefields are produced in
underdense plasmas [5-12]. In this regime the rising
edge of an intense, short laser pulse tunnel fonizes low-Z
gas, and the ponderomotive force of the laser expels
electrons radially outward to a maximum distance R =
2/@ge/w, [13], determined by balancing the transverse
ponderomotive force with the restoring space charge force
of the stationary ions. Here ag = eA/me is the normalized
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ond, longer accelerator stage, which increases their energy to ~0.5 GeV while reducing the relative

PACS numbers: 5238Kd, 4175y, 5235Mw

vector potential of the laser, and w,, = Vi e?/€qm, is the
electron plasma frequency. The blown-out region at the
front of the pulse acts as a channel to guide the majority of
the laser light, while behind the laser pulse electrons are
pulled back toward the axis. This produces an electron
plasma wave (the wake) with a phase velocity v, nearly
equal to the group velocity v, of the laser.

When the laser pulse length approaches c7 = R, a
nearly spherically shaped wake is formed, within which
nearly all of the electrons are blown out. The trajectories of
these electrons form a sheath around the ions [14], and the
longitudinal electric field structure near the axis of the

wake is ideal for accelerating a high-quality electron
beam [15], Electrons injeced ino the wake. (via St
injection [16], ionization-induced injection [17-19],
colliding pulses [20], etc.) become trapped in the wake
potential if they gain a longitudinal velocity v = v, and
continue accelerating in the longitudinal electric field of
the wake (of the order of 100 GeV /m for electron densities
of ~10' cm™ [13]). Over a dephasing length L., =
(2/3)(@} e/ @} )R, these electrons, traveling at nearly ¢,
move forward in the wake t0 its midplane, where the sign
of the electric field reverses and electrons decelerate. The

wake [13]. Therefore, for powers less than 80 TW, electron
densities below 2 X 10" cm™ are required to achieve
electron energy gains above 1 GeV in this regime.

©2011 American Physical Society




COMET is a versatile system (several beam paths, ps and ns beams) with a

3-5-minuted rep rate. Used mainly for spectroscopy, technique development,
Calibration and testing of NIF diagnostics.

First-observation of the optimal plasma scale length for THz radiation from interactions of
relativistic sub-picosecond laser pulses with solid targets 7

G.Q.Liao', L.N. Su', Y. Zheng!, M. Liu', W. C. Yan',C. Li, Y. T.Li’ ,___J. Dunn’, J. Nilsen®, W. M.
Wang', Z. M. Sheng ', L. M. Chen', J. L. Ma', X. Lu', J. Zhang"*" 7
-

‘ Beijing Nanonal Laboratory for Condensed Mater Physics, Institute of Physics, Chinese Academy of Sciences, Beifing
100190, China- T
‘Lawrence Livermore National Laboratory, 7000-East Avenue, Livermore, CA-94551,- USA«
Key Lahoratory for Laser Plasmas-(MoE) -and Department of Physics, Shanghai Jiao - Tong- University, Shanghai
200240, ChinaT
L
Terahertz (THz) radiation from-interactions -of 0.5-ps relativistic-laser pulses with-solid targets is studied when
a large-scale underdense -preplasma is -presented before the -main -pulse -on the-COMET laser system -at-Lawrence
Livermore - National - Laboratory. - The - angular - distribution, - polarization - and - spectrum - of - THz - radiation - are
characterized. It-is-found- that- THz radiation- in-the-specular- direction- ( +62.5°) -strongly -depends-on
scale-length. - It-is- the- first-ex,

preplasma
perimental-observation-of the- existence -of ‘an-optimal- plasma- density - scale- length-for-
powerful THz radiation. ‘Within -an -appropriate -range -of - the -plasma -scale -length, -the ‘THz radiation -observed -is
attributed-to-the-lincar-mode-conversion-mechanism- probably.-By- optimizing the-plasma- scale length, -strong- THz
radiation- with-energies
Such-strong THz radiati
-

p-to-~millijoules-(mJ)-and- the -energy -conversion-efficiency-up-to- 10 can-be-generated.
n-will -allow-for many-applications-such-as-nonlincar THz sciences. T
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Jupiter/Europa

Ti:Sapph Europa was used for development of FDI and fs WDM studies on
thin targets. Europa has been cannibalized for parts but is a good

university-class fs laser.

« Warm Dense Matter is created by
isochoric laser heating of free-standing
nanofoils, leading to a non-equilibrium
state with T,>>T..
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Broadband Dielectric Function of Nonequilibrium Warm Dense Gold

Y. Ping,' D. Hanson,” I. Koslow,? T. Ogitsu,' D. Prendergast,’ E. Schwegler,' G. Collins,' and A. Ng'
'Lawrence Livermore National Laboratory, Livermore, California, USA

Department of Physics & Astronomy, University of British Columbia, Vancouver, British Columbia, Canada
(Received 15 May 2006; published 26 June 2006)

We report on the first single-state measurement of the broadband (450—800 nm) dielectric function of
gold isochorically heated by a femtosecond laser pulse to energy densities of 10¢ — 107 J/kg. A Drude
and an interband component are clearly seen in the imaginary part of the dielectric function. The Drude
component increases with energy density while the interband component shows both enhancement and
redshift. This is in strong disagreement with predictions of a recent calculation of dielectric function based
on limited Brillouin zone sampling.
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